Abstract-Human-human interactions are widely existed in many fields. In this paper we describe how to analyze and assess the interactional synchrony between two humans by using body sensor networks (BSNs). Utilizing acceleration data collected from inertial sensors, the synchrony between two people's movements both from time domain and frequency domain is conducted to get a better understanding of the coordination during two people's interaction. An experiment of two people walking side-by-side was performed and the experimental results demonstrate the effectiveness of our proposed method.
I. INTRODUCTION
The movements of two interactants during an interaction can often be found being coordinated. And human-human interactions are widely existed in competitive sports, like synchronized diving, canadian pair, and industrial production assembly, or two astronauts conduct an egress training, and so on. In these activities, people need to cooperate with the other people to achieve their goals. Hence the coordination between two people's movements is of importance for smoothing an interaction, and thus improving the cooperation efficiency. So human-human interaction coordination strategies, including synchrony, and others, need to be well investigated.
Many terms that related to coordination co-exist in the literature, like synchrony, mimicry [1] , mirroring, congruence and the chameleon effect. Synchrony concern more about the timing, while mirroring or mimicry pay more attention to the nature of the movements [2] . In practice, different forms of coordination can be observed at the same time. Among these different forms of coordination, we are more concern about the synchrony that arise during human-human interactions.
There have been many researches about synchrony investigated in the literature in some fields, but most of these researches are based on visual information. However, there may be some problems. Firstly, environment factors may influence the obtained visual information, such as lighting conditions, and the problem of occlusion. Secondly, most visual information needs to be captured indoor. And lastly, unlike body sensor networks (BSNs), visual based platform may be expensive and possibly inconvenient.
With the availability of micro-sensor technology, lowpower wireless communication and low-cost sensors, works by using BSNs provide a low-cost, effective and privacyaware alternative for information acquisition in many fields [3] , [4] , [5] . The main contribution of this paper is to utilize BSNs to obtain information about movements of human-human interactions, then give synchrony analysis and provide assessment of coordination between two people's movements.
The rest of this paper is organized as follows: the literature work is briefly summarized in Section II. In Section III the proposed methodology for analyzing and assessing the synchrony between human-human interaction is described. The data that we used in our analyses is described in Section IV. Then in Section V we give and discuss our experiment results. Finally, conclusions about this paper and suggestions for future work are given in Section VI.
II. RELATED WORK
In this paper, we want to develop a synchrony analyze and assess system, which is a challenging task. Recent years, researchers have made some significant progress in the area of synchrony research. In [6] , the authors attempted to examine the frequency, study the sensory feedback and coupling mechanisms when people walk together. They separated the feedback mechanisms to be studied, and videotaped the lower extremities of the subjects. But in this paper, the authors only used two experts in gait analysis (physical therapists) to review the videos and assigned to each trial a score that representing the degree of synchrony, which maybe subjective.
Authors in [7] thought that the interpersonal synchronization of stepping rhythms had considerable rehabilitation potential, so they constructed an interpersonal synchrony emulation system between a human and a virtual biped robot, the system was evaluated using two Parkinson's disease patients. Finally they found that the gait festination displayed by Parkinson's disease patient were stabilized and accelerated less compared to unassisted walking. However, the experimenter in this experiment not only have to wear headphones, foot sensors, but also a portable PC(virtual robot), which may be uncomfortable.
Other articles also used different methods to study diverse modalities of human-human interactions, like handshake [8] , body sway [9] , mother-infant interaction [10] , emotion, head motion [11] , [12] , social psychology, clinical interviews, psychotherapy [13] , and it also play various roles in humancomputer interaction [14] . The involved methods include 1-class SVM [15] , [16] , the information distance method [17] , and so on. And in [18] , the authors briefly reviewed various families of synchrony measures, such as correlation coefficient in time domain, coherence in frequency domain, timefrequency domain, phase synchrony, and stochastic event synchrony, etc.
In this paper, we want to implement a low-cost and convenient synchrony analysis system using data collected from accelerometer sensors. After acquiring sensor data using BSNs [19] , we utilize windowed cross-correlation and cross-spectral coherence method to analyze the synchrony between two people. Using these two methods, we can know the time-lag between two people, to which extent are the movements of two people similar, and whether they have a common rhythm. In short, we can get a relatively complete understanding of synchrony between two people.
III. PROPOSED MODEL AND METHODOLOGY
As has been mentioned ahead, there have been various measures proposed to evaluate the similarity between two time series either on the time domain or the frequency domain, like cross-correlation, phase synchronization, mutual information, cross-spectral coherence, etc. In this paper, to analyze the synchrony between two people, we will utilize the windowed cross-correlation proposed in [20] , and crossspectral coherence method. These two methods can be used to assess the strength and the pattern of synchronization between two people. The system architecture for the synchrony analysis of human-human interactions is shown in Fig. 1 .
A. Windowed Cross-correlation
Windowed cross-correlation can examine time varying correlations between two time series, and for different (time, lag) pair, the method can produce positive or negative values that reflect the correlation [10] . For example, authors in [21] used windowed cross-correlation to model interpersonal dynamics. And in [22] , windowed cross-correlation was used to analyze correlation between conversants head movements. Inspired by these previous studies, we will use the windowed cross-correlation to measure the temporal lead-lag relation between two people's movements. Simply speaking, the method is to divide two time series into overlapped time slots, then for each time slot pair, calculate cross correlation using the next formula:
where x i and y i are the i th element of time slot x and time slot y, x and y are the mean value of time slot x and time slot y, respectively.
In order to use this method, we have to adjust some parameters: the sliding windows size (w max ), the window increment (w inc ), the maximum lag (t max ), and the lag increment (t inc ) [20] . Each selection of these parameters is concerned with the calculated association between two time series. For more details readers can reference [20] . Fig. 4 and Fig. 5 are examples of windowed cross-correlation calculated for our experiment.
B. Cross-spectral Coherence
As has been said in [23] [24], cross-spectral coherence estimates the similarity between two time series from the frequency domain point, namely, the method compares the power spectral densities of the time series at each component frequency.
where P xy (f ) is the cross power spectral density of time series x and y, P xx (f ) is the power spectral density of x, and P yy (f ) is the power spectral density of y.
Thus we can know that whether the two people are sharing the same rhythm, regardless of the time-lag through the process. The obtained coherence result ranges from 0 to 1, with 1 reflects that the movements are absolute synchrony, and 0 means that the movements between two people have no correlation. Fig. 6 and Fig. 7 are examples of cross-spectral coherence obtained from our experiment.
IV. EXPERIMENTAL SET-UP

A. Experiment Platform
The experiment platform used in this paper including sensor nodes and a receiving node.
The sensor node consists of a triaxial accelerometer, a single axis gyroscope and a biaxial gyroscope, with a full scale range of ±3g for the accelerometer and ±2000deg/s for the gyroscope. The transmission mode between the sensor node and the receiving node is wireless communication.
In this paper, we will only use the data obtained from accelerometers. 
B. Data Collection
The analyses we proposed are applied to the data obtained from an experiment of people walking side-by-side. And lower limb motions have been investigated before [25] .
The proposed experiment is two people walking side-byside, we invited 4 volunteers to participate in this experiment. The experiment was performed outdoors, with two footmounted sensor nodes for each people. A group formed by two volunteers was divided into two conditions, including the synchrony condition and the no synchrony condition. In both conditions, the volunteers walked about 50 m for several times. The data was sampled at 100 Hz, and the main purpose of this experiment is to analyse the gait coordination between two people.
At last, we calculated the synthesis norm of walking in the three directions of the accelerometer to be used in synchrony analysis:
V. RESULTS AND DISCUSSION Fig. 2 and Fig. 3 show acceleration data of humanhuman interactions of walking side-by-side collected by the experiment platform based on BSNs. From these two figures, we can hardly infer whether these two people were walking synchronously, and furthermore, the gait coordination between two people can neither be known. Therefore, we will analyze the data using windowed cross-correlation and cross-spectral coherence measures. As has been mentioned, the sample rate is 100 Hz, and for the windowed cross-correlation measure, there has some parameters to be adjusted, which has been mentioned in Section III-A. In this paper, a range of window size from 0.64 seconds to 2.56 seconds were all analyzed respectively and the best window size was chosen to be 1.28 seconds. Similarly, the window increment was chosen to be 0.32 seconds, and the maximum lag was 0.3 seconds, the lag increment was 0.01 seconds. Fig. 4 and Fig. 5 show examples of the results of windowed cross-correlation obtained from our experiment. In these graphs, the abscissa plots the time during the trial, while the ordinate denotes the lag of the two windows. For each combination of lag and time, the value of the cross correlation is represented by color. Red means positive correlation, implying that the steps of two people are changing in the same way. Blue means negative correlation, denoting that the steps of two people are changing in the opposite way. Furthermore, the region above the midline of the graph represents that steps of the first people predict the steps of the second people; while the region under the midline stands for the opposite. The midline accounts for mutual synchrony [10] .
Thus, from Fig. 4 , it is evident that the pattern of cross correlation between the two people's movements is nearly stable all the way, for high synchrony is easy to recognize. And the leading-following relationship between these two people is that the second people is leading the first people almost all the way, but the lag between these two people is small. In contrast, the lags in Fig. 5 are changing rapidly as time increases, reflecting that people in the no synchrony condition show week synchrony.
On the other hand, the cross-spectral coherence was presented in Fig. 6 and Fig. 7 , where the x-axis represents the frequencies while the coherence presented on the y-axis represents the strength of synchronization in each band of frequency. There is a large spectral peak in the range of 2Hz in Fig. 6 , which reflects that people in the synchrony condition share a rhythm of every 0.5s or so. And a smaller spectral peak at a frequency of 3.5Hz indicating that they also share a rhythm of every 0.29s or so. While people in the no synchrony condition shown in Fig. 7 do not share a common rhythm. Moveover, Fig. 8 and Fig. 9 is another example of people walking in the no synchrony condition. It is evident that in Fig. 8 , the first people is leading the second people, and the lag between these two people is larger compared to that of people walking in the synchrony condition shown in Fig. 4 . But in the frequency point from Fig. 9 , we can see that these two people were walking in a common rhythm like Fig. 6 . Therefore, our proposed method to measure synchrony from time domain as well as frequency domain can get a better understanding of the coordination between two people while they are walking side-by-side.
VI. CONCLUSION AND FUTURE WORK
In this paper, synchrony analysis to understand the coordination between two people's movements are performed. The results of our experiment show that people in synchrony condition not merely exhibit well synchrony with each other in time domain, but also share a common rhythm from the point of frequency domain. While people in no synchrony condition exhibit various cases, for instance, they can not only be in weak synchrony with each other both in time domain and the frequency domain, but also only show a common rhythm in the frequency domain. Thus the method that we proposed to combine windowed cross-correlation in time domain and cross-spectral coherence in frequency domain can get a better understanding of the synchronism during people's interaction, and furthermore, a better comprehension of the coordination between two people's interaction.
There are a few limitations in this work. Firstly, the movements of two people's interaction we utilized in this paper is people walking side-by-side. And more activities of human-human interactions need to be collected and analyzed. Actually, we have also conducted an experiment of people doing a gymnastic movement together, and the gymnastic movements will be analyzed in the future. In addition, more detailed analyses should be done to get a much more better understanding of human-human interactions.
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